) the results of a series of shock tube measurements on the thermal decomposition of cyclohexane (c-C 6 H 12 ) and 1-hexene (1-C 6 H 12 ). The experimental data included 16 and 23 series, respectively, of H-atom profiles measured behind reflected shock waves by applying the ARAS technique (temperature range 1250-1550 K, pressure range 1.48-2.13 bar).
Introduction
Practical transportation fuels (e.g. diesel, kerosene) contain a large number of species (up to several thousands) [1] ; consequently, it is not possible to develop detailed chemical kinetic mechanisms describing the combustion in detail for all these fuel molecules. Surrogate fuel mixtures are defined in such a way that these mixtures well reproduce the major chemical properties (e.g. ignition time, flame velocity) [2] and/or the physical properties (e.g. viscosity, vapour pressure) of real fuels. Surrogate fuels with well defined composition are also needed to make the engine experiments reproducible. Surrogate fuel mixtures often include cyclohexane and 1-hexene, as representatives of cycloalkanes and alkenes [3] .
The thermal decomposition of cyclohexane gives solely 1-hexene, while the decomposition of 1-hexene yields allyl and n-propyl radicals c-C 6 H 12 → 1-C 6 H 12 (R1) 1-C 6 H 12 → C 3 H 5 + C 3 H 7 (R2)
These two reactions are important steps of the combustion mechanism of surrogate fuels containing cyclohexane and 1-hexene.
Recently, Peukert et al. [4] investigated experimentally the formation of H-atoms in the pyrolysis of cyclohexane and 1-hexene by applying the shock tube technique combined with the ARAS-technique (atomic resonance absorption spectroscopy). They proposed a detailed chemical kinetic reaction model for reproducing the measured H-atom absorption profiles. One of the major steps of their reaction model is the decomposition of the allyl radical to allene and hydrogen atom:
C 3 H 5 = aC 3 H 4 + H (R4)
The numbering of the reactions in this article is in accordance with that of the paper of Peukert et al. [4] .
Reaction R4 had been investigated by Fernandes et al. [5] by shock tube experiments coupled with H-ARAS as detection method. They performed a series of experiments for pressures near 0.25, 1, and 4 bar using Ar and N 2 as bath gases. The experiments covered temperatures ranging from 1125 K up to 1570 K.
Turányi and co-workers recently suggested [6] a new approach for the determination of the rate parameters of kinetic reaction mechanisms, by fitting several rate parameters simultaneously to a large amount of experimental data. This method was used in the present work to extract more information from the experimental data of Peukert et al. [4] and Fernandes et al. [5] .
The methodology used here has some similarities with that of Sheen and Wang [7] . These authors investigated n-heptane combustion by evaluating multispecies signals measured in shock tube experiments, together with the results of other indirect measurements, like laminar flame velocity and ignition delay time.
There are, however, significant differences between the two methods. For example, Sheen and Wang optimized
A-factors only and did not utilize the results of direct measurements.
According to our procedure, rate parameters were obtained for several elementary reactions of the cyclohexane and 1-hexene thermal decomposition reaction systems. We have exploited the good feature of our method that experimental data of very different types can be interpreted simultaneously. The obtained rate parameters have not been determined previously in this temperature and pressure range. Also, the analysis resulted in a detailed characterization of the correlated uncertainty of all obtained Arrhenius parameters.
Overview of the experimental results
Peukert et al. [4] investigated the decomposition of cyclohexane (c-C 6 H 12 ) and 1-hexene (1-C 6 H 12 ) in shock tube experiments. fitted the rate coefficient of reaction R2 in each 1-hexene experiment separately, till the best reproduction of the H-atom profile. In the next step, the temperature − rate coefficient data pairs were used to obtain Arrhenius parameters A and E. These Arrhenius parameters for reaction R2 are also given in Table 1 . The cyclohexane decomposition measurements have not been used for fitting the Arrhenius parameters of reaction R1, because the measured H-profiles of the cyclohexane series could be reproduced by using the rate parameters suggested by Tsang [8] ; for details see Peukert et al. [4] .
entirely a result of the dissociation of allyl radicals to allene and H-atoms (R4); therefore the rate coefficient of this reaction is assumed to be of dominant importance for the interpretation of the experiments. Fernandes et al.
[ experiments approximately differ by a factor of 2. Therefore, we used the rate coefficient expression for 1 bar and increased the pre-exponential factor A by 1.6". The Arrhenius parameters they used, attributed to 2 bar, are given in Table 1 . The drawback of the application of a single Arrhenius expression valid at 2 bar is that in the Peukert's experiments the pressure was varied between 1.48 and 2.13 bar.
As a first step of the re-analysis of the data, all experimental data files were converted to the PrIMe format [9] . This is an XML data format that was designed to be a universally applicable definition of combustion related experiments. Then, the Matlab utility code of Varga et al. [10] was used. This program is able to read and interpret PrIMe datafiles, invoke the corresponding simulation code of CHEMKIN-II [11] or Cantera [12] , and present the results. In this case, the SENKIN simulation code [13] was used for the calculation of concentration profiles. The sensitivities were determined using a brute force method by multiplying the A factors with 0.5 and calculating the local sensitivity coefficients by finite difference approximation. The calculation of the sensitivity coefficients was repeated with multiplication factors 1.01 and 1.5, and the calculated sensitivity results were very similar. To get a comprehensive picture, the maximum of the absolute sensitivity value was taken for each reaction and all sensitivity coefficients were normalized to the largest one in each experiment. The results of the sensitivity analysis are presented in Table 2 .
According to this sensitivity analysis, the calculated H-atom concentrations were sensitive to the rate coefficients of the following six reactions: R1: c- In the present work, we have fitted the experimentally determined k uni rate coefficients (40 values) of
Fernandes et al. using the Lindemann scheme (see e.g. [14] , and the SENKIN manual [13] ). The fitting resulted in the following rate parameters for reaction R4: high pressure limit A = 9.759×10 16 , n = -2.826, E/R = 12,670; low pressure limit A = 2.0390×10 35 , n = -4.180, E/R = 40926; the units are cm 3 , s, and K. The average root-mean-square error of the fit was 18.86 %. We also tried to approximate the k uni values by not only the high and low pressure Arrhenius parameters, but also a temperature independent F cent parameter. Using this 7-parameter description instead of the 6-parameter (Lindemann) parameterization did not decrease significantly the rootmean-square error. Therefore, we concluded that the 6-parameter Lindemann scheme is sufficient for the approximation of the experimental k uni values of Fernandes et al..
In order to enlarge the experimental data basis, a literature survey was carried out to find more direct measurements to the reactions listed in Table 1 . Unfortunately, very few direct measurements have been published for these reactions [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In principle, in these experiments the elementary reactions were investigated in a very different range of temperature and pressure. Typically, if the pressure was around 1 to 2 atm, then the temperature was much lower (500-900 K). Alternatively, the high temperature (900-2000 K) experiments were associated with very low pressure, usually below 5 Torr. Therefore, it was not possible to include further experimental data in our analysis.
Methods of kinetic parameter estimation
The new method recently suggested by Turányi et al. [6] has the following features:
(i) Direct and indirect measurements are considered simultaneously. In the direct kinetic measurements, the rate parameters of a single elementary reaction step are determined. In the recent publications, the measured rate coefficients are listed together with the experimental conditions (e.g. temperature, pressure, bath gas). The results of indirect experiments can be interpreted only via simulations using a complex reaction mechanism. Examples for indirect measurement data are concentration profiles determined in a shock tube or tubular reactor, or measured laminar flame velocities.
(ii) The sensitivities of the simulated values corresponding to the measured signal in the indirect experiments with respect to the rate parameters are calculated. This sensitivity analysis is used for the identification of the rate parameters to be optimized. Experimental rate coefficients determined in direct experiments belonging to the highly sensitive reactions are collected.
(iii) The domain of uncertainty of the rate parameters is determined on the basis of a literature review.
(iv)
The optimized values of the rate parameters of the selected elementary reactions within their domain of uncertainty are determined using a global nonlinear fitting procedure. 8 The following objective function is used in our calculations: The objective function can be transformed into a simpler form by introducing a single index k which runs through all data points of all measurement series. A new unified weight µ k = w k /N k is used for each data point, which further simplifies the objective function:
This equation can be condensed by introducing matrix−vector notation:
Here Y mod (p) and Y exp denote the column vectors formed from values of ) ( ( )
Matrices W and Σ Y are the diagonal matrices of weights µ k and variances
The covariance matrix of the fitted parameters Σ p was estimated using the following equation:
. This equation has been derived in ref. [6] . Here J 0 is the derivative matrix of Y mod with respect to p at the optimum. 
Covariances of the logarithm of the rate coefficients at temperature T can be calculated [6] in the following way:
Here
, and j i p p Σ , denotes a block of matrix Σ p that contains the covariances of the Arrhenius parameters of reactions i and j. Equation (7) provides variance
In high-temperature gas kinetics, the uncertainty of the rate coefficient at given temperature T is usually defined by uncertainty parameter f in the following way: [25] at a given temperature T from the standard deviation of the logarithm of the rate coefficient using the following equation:
Using ( ) k ln σ calculated by equation (7), the f(T) function obtained has a statistical background and it is deduced from experimental data.
Estimation of rate parameters based on all experimental data
Application of objective function (1) requires the estimation of the variance of the data points. In our calculations, 7-16 % relative standard deviation was assumed for the data points of the 1-hexene experiments
[4], 6-56 % for the data points of the cyclohexane experiments [4] . These standard deviation values were different for each measurement; they were determined from the scatter of the measured H-atom concentrations.
The individual standard deviation belonging to each experimental data set is given in the last column of Table 2 .
For the experiments of Fernandes et al. [5] , 20% relative standard deviation was assumed based on the scatter of the data, which is in good accordance with the error of the Lindemann fitting.
The process of parameter optimization can be followed in Table 3 . The reaction model of Peukert et al.,
using their rate parameters is given in the 3 rd column of Table 1 . Using these rate parameters, the 1-hexene Fernandes et al. [5] were considered. In a Monte Carlo sampling, the Arrhenius parameters of five sensitive reactions (R2, R4 -R6, and R8) were varied independently in such a way that all rate coefficients changed ± one magnitude. 250 parameter sets were generated, the objective function was evaluated for each parameter set, and the best parameter set was selected. Starting from this parameter set, in fifty iteration cycles the parameter space was explored in narrower regions in a similar way and the best parameter set was accepted as the final one. As a result of the optimization, the reproduction of the Peukert et al. data improved dramatically (the value of the objective function decreased from 878 to 482), while the agreement with the Fernandes et al.
experimental data remained good (9 to 10). The obtained optimized Arrhenius parameters are given in Table 1 .
As Table 3 shows, using all available experimental data for the optimization kept the good description of the 1-hexene measurements and the experiments of Fernandes et al. [5] , while at the same time, it improved the description of the cyclohexane experiments. As examples, Figures 1 and 2 show the data points belonging to one 1-hexene and one cyclohexane experiments, respectively. Each figure presents two simulated concentration curves, one calculated with the initial mechanism and another one using the final parameter set. Using equations (5) and (6) the covariance and correlation matrices, respectively, were calculated in the optimum. Tables S1 and S2 of the Electronic Supplement present these matrices. It is not easy to overview the covariance matrix, but this is the information that should be used in a detailed uncertainty analysis, that takes into account also the correlation of the rate parameters. The correlation matrix shows that there is a high correlation between all parameters. Not only the A − E/R parameter pairs are highly correlated, but also each other pairs of parameters.
The traditional characterization of the uncertainty of the rate coefficients using equation (8) is not informative enough, because it describes the uncertainty of each rate coefficient separately. However, the chemical kinetic databases use this type of uncertainty characterization. Therefore, we also calculated the temperature dependent uncertainty parameters from the standard deviations of the logarithm of the rate coefficients using equation (9) . Figure 5 shows that reaction R1 has extremely low uncertainty; the uncertainty parameter is temperature dependent and it has a minimum near 1430 K. The value of the uncertainty parameter is around 0.1, which means that the corresponding rate coefficient is well known. Reactions R2 and R8 have middle level uncertainty (f = 0.1-0.3 for reaction R2, below 0.5 for reaction R8 in the temperature range of 1250-1380K). The uncertainty of the other determined rate coefficients is quite large, above 1.
Conclusions
The experimental data such as concentration profiles obtained in shock tube experiments are usually interpreted by using a detailed reaction mechanism. The rate parameters of all reactions but one are assigned to literature values and the rate parameters of a single reaction are fitted to reproduce the experimental data. The requirements for the selection of this reaction step is that the simulated signal at the conditions of the experiments should be very sensitive to the corresponding rate parameters, and also, these rate parameters should be the least known (most uncertain) from all the highly sensitive parameters.
In the present paper, an alternative approach was used which is generally applicable for the interpretation of In this article, this approach was demonstrated on the re-evaluation of the 1-hexene pyrolysis measurements (23 data sets) and the cyclohexane pyrolysis measurements (16 data sets) of Peukert et al. [4] . The direct measurements of Fernandes et al. [5] for the determination of the temperature and pressure dependence of the rate coefficient of the decomposition reaction of the allyl radical to allene and hydrogen atom (R4) were also taken into account. In total, 16 rate parameters of the following six reaction steps were determined: R1: c- R6. This means that the newly determined rate parameters are reliable for reactions R1 and R2. It is acceptable for reaction R8 at temperatures near 1300 K and pressures above 1 atm. The new rate coefficients for the other reactions are the best fit for these experiments, but due to their large f uncertainty parameters they cannot be considered as new recommendations. The statistical based, temperature dependent characterization of the uncertainty of the rate parameters is a novelty of our approach. Except for reaction R4, the rate parameters of 13 these reactions have not been measured in the temperature range 1250-1550 K and pressure range 1.48-2.13
bar. This temperature and pressure region is close to the one of the practical combustion applications.
Table 1
The mechanism used for the interpretation of the cyclohexane and 1-hexene pyrolysis experiments.
Reaction Arrhenius parameters used by
Peukert et al. [4] Optimized Arrhenius parameters (see text) Rate coefficients in the form k(T ) = A T n exp(−E a /RT) in cm 3 , mol, s, and K units. Table 2 The maximum values of the absolute sensitivities in the time domain 0-1.0 ms, normalized to the largest sensitivity value in each experiment. Sensitivities larger than 0.1 are indicated by bold. The last column shows the assumed relative standard deviation of the data points in each series of experiments. These values were used for the evaluation of objective function (1). Table 3 The values of the objective function (see eq. (1)) in the various rounds of optimization.
Experimental data considered
Peukert et al. mechanism [4] Initial mechanism Mechanism after the optimization Fernandes only [5] N/A 9.0 9.9 1-hexene only [4] 118.4 220.5 153.4 cyclohexane only [4] 462.9 657.0 325.0 cyclohexane+1-hexene [4] 581 [4] . The figure in panel belonging to R4 contains also the high pressure limit and k uni belonging to 2 bar, as determined from fitting to the Fernandes et al. [5] experiments only, and the corresponding functions obtained by the optimization. 
